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Abstract 
At present, dental replacements are more and more often being made with the use of additive manufacturing. In 
dentistry, selective laser melting (SLM), which enables the manufacturing of dental replacements from the alloys CoCr 
and Ti-6Al-4V, is the technology most used. With comparable costs for production, Ti-6Al-4V has significantly better 
biocompatibility, better mechanical properties and lower weight in comparison with an alloy from CoCr. The goal of 
the submitted study is a comparison of the production precision of dental crowns from CoCr alloy and Ti-6Al-4V alloy 
manufactured on a Mlab cusing R machine. For purposes of the study 30 crowns were manufactured from CoCr alloy 
and 30 from Ti-6Al-4V alloy on a Mlab cusing R machine, with the settings recommended by the manufacturer. After 
production the crowns were scanned using a Medit Identica dental scanner. The obtained data were subsequently 
modified and compared with a nominal CAD model in the Volume Graphics VGStudioMAX 2.2 software. The results 
are deviations on the level of 95% of coverage of the compared work with nominal geometry for all evaluated groups. 
The obtained deviations were subsequently processed statistically for the purpose of determining the statistical 
significance of the difference between the materials. 
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Introduction  
Technology for the production of dental replace-
ments and constructions over the past 30 years has 
rapidly developed and has done so mainly by the 
development of simulation [1–4], digitalization [5–7] 
and implementation of additive technologies [5–8]. The 
use of CAD/CAM systems in dentistry has led to the 
elimination of many manual procedures, to increased 
precision of dental replacements and constructions as 
well as to a reduction in production time [9]. Additive 
technologies were developed as an alternative to sub-
tractive technology (milling) [10–13]. 
Additive technology offers a great many advantages 
versus subtractive or traditional methods of producing 
dental replacements. The first advantage is the possi-
bility of also making geometrically more complex 
elements - partial prostheses as well as the controllabil-
ity and speed of the production process. Another 
advantage is the possibility of products made from 
various materials and the possibility of achieving 
a product with the desired mechanical properties. The 
last advantage is the wide choice of additive 
technologies used in dentistry, among which is 
equipment from the companies Arcam (Sweden), 
Concept Laser (Germany), Renishaw (United 
Kingdom) [12], and SLM Solutions (Germany), SLM 
Realizer 2, MCP-HEK (SLM Tech Center, Borchen, 
Germany) [14, 15], PM 100 Dental System (Phenix 
Systems, Clermont- Ferrard, France) [16–20], Bego 
Medifacturing system (Bego Medical, Germany) 
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[21–23], Biomain AB (Helsingborg, Sweden) [24, 25], 
and EOSINT M250 Xtended (EOS, Munich, Germany) 
[26]. 
The alloy CoCr is the most used material in dentistry, 
mainly due to its simple processing for dental 
technology. CoCr alloy is used in dentistry for the 
production of detachable partial prostheses, metal 
constructions, crowns and bridges [27–30]. The 
advantage of CoCr alloys is that they offer adequate 
material properties, including firmness, hardness, 
resistance to corrosion, a high modulus of elasticity and 
good electromechanical properties [30–33] and are also 
relatively inexpensive in comparison with alloys of 
gold and some fully ceramic materials [28, 30, 31, 34]. 
Alloys of Ti-6Al-4V used in medicine are distin-
guished by excellent osseointegration, excellent 
resistance to corrosion, biocompatibility [8, 35, 36] and 
favourable mechanical properties in comparisons with 
alloys of chromium cobalt or stainless steel [27, 36–
38]. They are used successfully in dentistry for the 
production of crowns and bridges or solid partial 
replacements [36, 39]. 
When casting alloys of Ti-6Al-4V problems arise 
due to the high affinity of smelted alloy, which leads to 
insufficient binding of ceramics to the titanium dental 
replacement and subsequently leads to clinical errors 
[27]. However, with the use of SLM technology the 
mentioned problems are eliminated, and Ti-6Al-4V 
alloy is beginning to soon be used in dentistry for the 
production of dental replacements [35, 37, 40–42]. 
The goal of the submitted study is a comparison of 
the production precision of dental crowns from CoCr 
alloy and Ti-6Al-4V alloy manufactured on a Mlab 
cusing R machine (Concept Laser, Germany). The idea 
is to introduce the use of titanium alloy into dental 
practice as a material with better properties than CoCr. 
Methodology and measurement  
The foundation for SLM technology is a 3D model 
of the dental replacement, which can be obtained by 
scanning of a dental stone model or by directly 
scanning the dental cavity with an intraoral scanner. 
The model is then subsequently modified in CAD 
software, the output of which is an *stl file. For 
preparation of the 3D model of a crown the 
CAMbrigde software (3Shape, Denmark) was used, in 
which the model of the crown is positioned, and the 
supporting structure is designed. After final 
modification a *cls file is generated, which is read into 
the software in the Mlab cusing R (Concept Laser, 
Germany) machine. 
Subsequently, the production is initiated and after the 
production manufactured crowns (Fig. 1) are annealed 
and removed out of the building platform. 
In the submitted study metal powders of the alloy 
CoCr remanium star CL (Dentaurum, Germany) 
marked as CoCr and the alloy Ti-6Al-4V (Grade 5) 
rematitan CL (Dentaurum, Germany) marked as Ti64, 
which are used for the production of dental replace-
ments by SLM technology, were compared. Both 
alloys satisfy the standards EN ISO 9693/DIN and EN 
ISO 22674 (Table 1). 
 
Fig. 1: Production of dental crowns using SLM 
technology. 
Table 1: Mechanical properties of CoCr and Ti64. 
 CoCr Ti64 
Density (g.cm-3) 8.6 8 
Tensile strength (MPa)  1030 830 
Modulus of elasticity (MPa) 230 000 200 000 
Characteristic stress (MPa) 635 450 
Extension (%) 10 20 
Powder particle size (µm) 10 to 30 15 to 45 
The produced crowns were scanned with an Identica 
(Seoul, Korea) dental scanner, which uses white light 
for scanning. The scanner is primarily intended for 
scanning plaster models, the surface of which is matte 
and with a constant colouring. The surface of the 
produced crowns was shiny, so for this reason a chalk 
spray was used. 
For further evaluation the interior surface of the 
crown was necessary to scan, which is also taken into 
account during its positioning in the dental scanner. 
Before the first scanning an internal verification of the 
function of the scanner was conducted using 
verification elements supplied by the manufacturer. 
In the first step the process of scanning was verified. 
Because the scanned sample was not taken out, the 
influence of gripping the sample – the position of the 
sample in the detecting unit of the appliance – was 
eliminated from the process. Likewise, possible 
damage to the deposited layer of powdered chalk 
serving to dim the surface of the sample was thus 
avoided. The selected sample was scanned 30 times 
(nNR=30), without removal of the scanned crowns  
(NR – not removal) which represents a set enabling the 
statistical processing of data. The individual scans were 
subsequently compared with the first scan. 
In the second step the influence of the positioning of 
the sample was also projected into the scanning results. 
The sample was not taken out of the detection unit 
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because this could lead to damage of the dimming 
spray; the entire detecting unit was taken out. This 
process was repeated 30 times (nR=30) with removal of 
the scanned crowns out of the scanner (R - removal), 
the same as in the first case. The detecting unit is held 
in place in the scanner magnetically, and the shape of 
its base defines its position, and so it can be attached in 
only one position. The individual scans were sub-
sequently compared with the first scan (Fig. 2). 
 
Fig. 2: Methodology for the evaluation of crowns. 
 
All samples were scanned once for the process of 
analysing the data, and all the scans were performed on 
the same initial settings of the scanner with one internal 
verification. 
All the acquired data was evaluated in the 
VGStudioMAX 2.2 software (Volume Graphics, 
Germany). The Nominal - Actual Comparison module 
was used for the analysis. With respect to the fact that 
each scan has its own coordinate system, it is usually 
not possible to compare two scanned samples directly. 
This statement does not apply for evaluation of the 
repeatability without retrieval of the scanned sample, 
because in this case the same position should be 
ensured for all scans. 
Balancing of the assessed model consists in the first 
step of the Best-Fit method, which serves for a rough 
balancing of the actual and nominal geometry, and in 
the second step the reference positioning system (RPS) 
method, which serves for the fine positioning of the 
geometries. Reference points are placed on the surface 
of the nominal geometry excluding areas with possible 
extremes in the analyzed geometry (highlighted 
transitions of surfaces, corners etc.). 
With respect to the fact that a common surface is 
involved, it was necessary to appropriately set the 
requirements for evaluation. 
The result of the comparison is a deviation obtained 
with the set percentage conformity between the 
reference model and the compared work. In this case 
this method of evaluation is suitable because it 
provides information about the whole examined 
surface and not only locally, without possible consider-
ation of the minimum and maximum deviations. 
For the purpose of analysis of the acquired data 
a tolerance on the level of T = ±50 µm was selected for 
the deviation from the nominal geometry on the basis 
of the parameters of the production equipment.   
The Nominal - Actual Comparison module provides 
as a result a deviation at each site of the examined 
geometry from the nominal geometry. In addition to 
this distribution of the deviation, it also gives the value 
of maximum deviation for the required percentage 
coverage and the opposite (e.g. for 95% percent of all 
deviations the maximum deviation is on the level of 
0.05 mm, or 95% of the examined surface has 
a maximum deviation of 0.05 mm). 
For the resulting analysis the condition of the 
maximum deviation with 95% coverage of the surface 
depending on the reference source was used. 
Results  
On the basis of the obtained results for crowns made 
by SLM technology from the metal powder CoCr it can 
be stated that in the case of analysis the repeatability 
without removal of the scanned sample no trend is 
visible between the scans (Fig. 3) and for the set 
coverage the average deviation is on the level of 
νNRCoCr=69 µm. For selected titanium sample the 
maximum deviation νNRTi64 is on the level of 70 µm. 
 
Fig. 3: Deviations with repeatability without removing 
of the sample for CoCr. 
With respect to the fact that the individual scans 
were not compared with one another in the software, 
the assumption is that the deviations are mainly given 
by mistakes of the scanner (an error in scanning, of 
setting the coordinate systems of the model). In this 
case the best coverage is expected because the 
influences affecting the results of measuring were 
minimized.In the case of analysis of repeatability with 
removal of scanned crowns, the deviation for 95% 
coverage is for CoCr (νRCoCr) on the level of 27 µm. 
For Ti64 crowns the repeatability with removal (νRTi64) 
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coverage is on the level of 10 µm. In this the influence 
of taking away the samples should be removed by the 
software balancing, but at the same time the impact of 
the software balancing of the monitored and nominal 
geometry considered. 
From a comparison of the obtained data it follows 
that the deviation in the case of repeatability without 
taking away the sample is approximately 3-times the 
deviation of scanning with removal of the crowns. 
Because the same sample is involved, the assumption is 
that this difference is caused by the coordinate system 
of the sample created when scanning. The scans were 
not in the case of taking the samples away mutually 
compared and imprecise generation of a coordinate 
system may then lead to unreal deviations. 
This assumption is also supported by the fact that the 
variation range with the repeatability with removal for 
CoCr (VRRCoCr) is 12 µm and for titanium 6.5 µm, and 
thus it is possible to state that the scanner has a high 
repeatability of sensing. The result also contains an 
error caused by the software balancing of the scans. 
For verification of this theory a set was tested in the 
presence of distant values with the Dixon test, and their 
presence was not confirmed. On the basis of the above-
mentioned, it can be stated that the repeatability of the 
scanning for CoCr is on a level of approximately 
RRCoCr = 27 µm and for titanium RRTi64 = 10 µm. 
This error should be accounted for in the following 
analysis as with an error on the level of a systematic 
error. On the basis of the standard deviation sx and the 
number of measurements n, it is possible to calculate 
the standard uncertainty of type A uA for the given 
measurement. 
𝑢𝑢𝐴𝐴 = 𝑆𝑆𝑆𝑆
√𝑛𝑛
= �∑ (𝑥𝑥𝑖𝑖 − ?̅?𝑥)2𝑛𝑛𝑖𝑖=1𝑛𝑛 − 1
√𝑛𝑛
 
 
(1) 
For crowns with removal the material CoCr this is 
uA(NR)CoCr=0.54 µm and for Ti64 uA(NR)Ti64=0.27 µm. For 
samples without removal the values of uncertainty 
type A are in Table 2. 
In the case of analysis of repeatability of production, 
the scans of all evaluated samples are compared in 
regard to reference geometry (one of the scans). The 
result is the following of repeatability of the production 
process. In this case it applies that the better the 
coverage, the better stability and repeatability of the 
production process (exactness of production). The 
measuring is currently being analysed. 
A normality test was conducted for determining 
whether it is possible to compare data obtained for 
Ti64 and CoCr (Fig. 4). 
The last analysis is the exactness of production. In 
this case all scans were compared to the reference 
geometry used for 3D printing of the *stl model. The 
largest deviations are expected with respect to the 
reference in this point. Unlike from precision 
(achieving of the same result) this analysis gives the 
exactness of production. The average deviation for the 
CoCr material EPCoCr is on the level of 86 µm and for 
Ti64 EPTi64 is on the level of 85 µm.  
The results between materials are comparable, the 
difference is 1 µm. 
Table 2: Deviations for 95% coverage of the surface in 
comparison with the reference. 
 CoCr Ti64 
Repeatability without 
removal RNR (µm) 
69 70 
Repeatability with removal 
RR (µm) 
27 10 
Analysis of repeatability of 
production RP (µm) 
Being 
evaluated 
Being 
evaluated 
Analysis of exactness of 
production EP (µm) 86 85 
Standard uncertainty of type 
A for samples without 
removal uA(NR) (µm) 
1.23 4.71 
Standard uncertainty of type 
A for samples with removal 
uA(R) (µm) 
0.54 0.27 
 
 
Fig. 4: Test of normality for CoCr and Ti64. 
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Fig. 5: Bar graph with a confidence interval for both 
materials and with a without removal of the scanned 
crowns. 
From the results it follows (Table 2) that the 
exactness of production for the material CoCr and Ti64 
is the same, and production from Ti64 has a better 
repeatability. 
Obtained data are graphically presented in Fig. 5. 
Differences are observable and statistical significance 
was evaluated by Mann-Whitney U Test (Wilcoxon 
rank sum test). 
Hypothesis 1: There is no statistically significant 
difference between Ti and CoCr alloys in both groups, 
with and without removal of scanned crowns;  
H01a: mRTi64 = mRCoCr and H01b: mNRTi64 = mNRCoCr. 
Hypothesis 2: There is no statistically significant 
difference between both groups, with and without 
removal of scanned samples and for both materials 
Ti64 and CoCr alloys; H02a: mRTi64 = mRCoCr and 
H02b: mNRTi64 = mNRCoCr. 
Result of Mann-Whitney tests for hypothesis H01a is 
the following: the Z-Score is -6.53154 and the p-value 
is <0.00001. The result is significant at p < 0.05. On 
the level of significance of 0.05 the null hypothesis 
H01a, was rejected, thus, there is statistically significant 
difference between products from materials with 
removal of scanned crowns at the scanning process. 
Result of Mann-Whitney test for hypothesis H01b is 
the following: the Z-Score is 1.63289 and the p-value 
is 0.1031. The result is not significant at p < 0.05 level. 
On the level of significance of 0.05 the null hypothesis 
H01b was accepted; thus, there is not statistically 
significant difference between products from both 
materials for the group without removal of scanned 
crowns at the scanning process. Consequently, 
therefore is possible to state, that crowns made of Ti64 
made with SLM technology have comparable precision 
as crowns made from the CoCr material using the same 
technology. 
Result of Mann-Whitney test for hypothesis H02a is 
the following: the Z-Score is -6.53154 and the p-value 
is < 0.00001. The result is significant at p < 0.05. 
Result of Mann-Whitney test for hypothesis H02b is the 
following: the Z-Score is -6.53154 and the p-value is 
< 0.00001. The result is significant at p < 0.05. On the 
level of significance of 0.05 the null hypothesis H02a 
and H02b were rejected, thus, there is statistically 
significant difference between crowns made of both 
materials; with and without removal of scanned crowns 
at the scanning process. 
Conclusion  
From the results it follows that the scanner has 
sufficient repeatability and acceptable precision for 
scanning dental products made with additive 
manufacturing technology from Ti64 and CoCr. 
A condition of scanning is dimming the surface of the 
scanned product. Statistical processing of data 
confirmed that the scanner provides stable results 
(scanning is repeatable) and there is no statistically 
significant difference between crowns made from Ti64 
and CoCr. Alloy of titanium thus has, aside from better 
biocompatibility and weight, also comparable precision 
after production with CoCr using SLM technology. 
Selective laser melting is the one of the most popular 
AM technology used for dental replacements. For 
manufacturing are used CoCr alloys and titanium 
alloys. The repeatability of the scanning for CoCr is on 
a level of approximately RRCoCr = 27 µm with SD 
2.6 µm and for titanium RRTi64 = 10 µm with SD 
0.6 µm. Jeon et al. [43] compares repeatability of blue 
light scanner and white light scanner from Medit. In 
study was used three abutment tooth types (canine - C, 
premolar - PM, molar - M). The mean of discrepancies 
is for C = 5.8 µm, PM = 5.9 µm, M=8.6 µm and the SD 
of discrepancies is for C=15.9 µm, PM=23.2 µm, 
M = 14.6 µm pre α = 0.05. The study uses for calcu-
lation mean values of discrepancies between scan and 
nominal surface, our study uses maximum discrepancy 
for 95% coverage of the surface. From this reason is 
their mean lower and standard deviation higher than in 
our study. 
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